The coupling of primary piggery wastewater as a culture medium with elevated CO 2 aeration is thought to be an economically feasible option for the cultivation of microalgae. However, little information is available regarding the photosynthetic characteristics of microalgae and nutrient removal from wastewater at different CO 2 concentrations. It was found that elevated CO 2 aeration provided sustained growth at CO 2 concentrations ranging from 5% to 15% and performed best with 5% CO 2 aeration in primary piggery wastewater for Chlamydomonas reinhardtii growth.
INTRODUCTION
An increase in atmospheric CO 2 , the important cause of global warming, poses great challenges to worldwide sustainability. Available technologies for biological CO 2 fixation conducted by photosynthetic plants and microalgae have attracted increasing attention from both environmental and economic issues (Wang et al. ) . Microalgae are expected to have stronger CO 2 biofixation efficiency because they can convert CO 2 and supplementary nutrients into biomass via photosynthesis at much higher rates than conventional crops, owing to their fast growth rate and short generation time (Collins & Bell ) . Atmospheric carbon incorporated into algal biomass can be converted into useful products, such as biofuels, nutraceutical products, animal feed and fodder for aquaculture (Singh & Singh ) .
To adapt to low CO 2 concentrations in the environment, CO 2 -concentrating mechanisms (CCMs) evolved to increase the CO 2 concentration at the site of Rubisco, by which the CCMs supply sufficient C i to augment photosynthetic productivity in algal cells (Moroney & Ynalvez ) . The elevation of CO 2 has positive impacts on the performance of growth rates of microalgae (Zeiler et al. ) . Negative and neutral effects on growth rates under elevated CO 2 conditions are also observed in some microalgae species (Sforza et al. ; Singh & Singh ) . It appears that elevated CO 2 exhibits heterogeneous influences on physiological metabolism in diverse algal species (Liu & Zou ) .
It has long been recognized that microalgae could utilize nutrient and organic-rich agricultural (Wang et al. ) , industrial (Roberts et al. ) and municipal wastewater (Wang et al. ) as a source of nutrients for the growth of microorganisms to remediate excess nutrients from effluents. The combined environmental benefits of wastewater treatment and microalgal CO 2 fixation provide economic incentives to society (Wang et al. ) . Wang et al. () previously reported that culturing microalgae in mixotrophic mode with diluted primary piggery wastewater provided an effective method for converting high-strength livestock wastewater into a profitable byproduct as well as reducing contamination of the environment. Nutrient-rich raw piggery wastewater carries several disadvantages, including high concentrations of urea, ammonia, organic carbons and pesticides, high turbidity and unbalanced C:N:P ratios, which affect the growth of algae (Wang et al. ) . Many studies have shown a wide range of effects of CO 2 concentration on metabolic pathways other than C fixation, such as C and N metabolism (Xia & Gao ) , suggesting that elevations in CO 2 impact not only physiological changes in the cell but also the utilization of nutrients from wastewater.
Most of the studies on CO 2 mitigation have only focused on biomass production and lipid biosynthesis for biofuel production, and provided little information on the physiological responses of algae grown under elevated CO 2 conditions ( Jiang et al. ) . Cultivation of the low-CO 2 -adapted microalgae cells at elevated CO 2 concentrations brought about considerable physiological responses in algae, particularly in photosynthetic characteristics, affinity for CO 2 and CCM activity (Solovchenko & KhozinGoldberg ; Fan et al. ) . Knowledge of physiological responses, as well as metabolic changes and nutritional needs, plays a central role in process development.
In this study, Chlamydomonas reinhardtii, the model eukaryotic green algae, was cultured in diluted primary piggery wastewater at various CO 2 concentrations. We investigated the effects of different CO 2 concentrations on growth characteristics, metabolic parameters (photosynthesis and respiration), and CCM metabolism-related gene expression in C. reinhardtii, as well as evaluating the elimination of organic compounds. A detailed understanding of the response to CO 2 elevation will be important to maximize both algal biomass productivity and nutrition assimilation in wastewater.
MATERIALS AND METHODS

Piggery wastewater used as a culture medium
The piggery wastewater used for C. reinhardtii cultivation was collected from a pig farm located in the suburbs of Wuhan in Hubei Province, which raised more than 500 pigs. The piggery wastewater was flocculated with chitosan as a flocculant and sodium alginate as a supplemental agent, and settled for several hours to precipitate any visible particulate solids. The supernatant was diluted 10 times with tap water and autoclaved for 20 min at 121 W C and used as the medium for culturing microalgae. The values of ammonia (NH 3 -N), total nitrogen, total phosphorus, chemical oxygen demand (COD), total solids and volatile solids in the piggery wastewater were determined following the protocols described previously (Clesceri & Greenberg ) . The characteristics and features of the diluted wastewater are summarized in Table 1 .
Algae strain and culture conditions
The algae strain of C. The microalgae were cultivated in 300 mL diluted primary piggery wastewater and placed in 500 mL conical flasks. The inocula in linear growth phase were prepared previously. The culture broth was stirred by aeration with concentrations of 5%, 10% and 15% CO 2 (V/V) using ambient air (0.038% CO 2 , V/V) as control with a flow rate of 0.3 L/min. All gases were sterilized through a 0.2 μm membrane filter. Light was continuously supplied (Philips TLD 36W/54 fluorescent lamp) at an intensity of 60 μmol/m 2 /s measured at the surface of the flasks with a luminance metre (Quantitherm Light Meter Thermometer; Hansatech Instruments Ltd, UK). Algae were grown in batch culture for seven days and incubated at 25-28 W C. All experiments were conducted in triplicate. 
Analytical method
Measurement of cell growth
The cell density of C. reinhardtii was estimated by counting using a hemocytometer. The algae was fixed in 2% glutaraldehyde before counting.
Nutrient analysis
Samples for nutrient analysis were collected and centrifuged at 5,000 × g for 10 min. The supernatants were collected for the analyses of COD, NH þ 4 ÀN, total nitrogen and total phosphorus. The removal efficiency was calculated according to the following equation:
where R is nutrient removal efficiency and V t and V 0 are the nutrient concentrations at day t and at the beginning of the experiment, respectively.
Measurement of chlorophyll fluorescence
An FMS2 pulse amplitude modulation fluorometer (FMS2 Hansatech Instruments Ltd, UK) was used to measure chlorophyll (Chl) fluorescence. C. reinhardtii (2 ml) were adapted to the dark for 15 min at 20 W C before Chl fluorescence measurements. The unquenchable portion of fluorescence (F 0 ) was determined by measuring the beam (<0.05 μmol photons m À2 s À1 ), and the maximal fluorescence (F m ) was measured with a saturating light pulse. Variable fluorescence (F v ) was calculated using the following formula:
Oxygen evolution measurement
Oxygen evolution rates of the cultured samples were measured with a Clark-type oxygen electrode (Chlorolab 2 Oxygraph Hansatech Instruments Ltd, UK). The cells cultivated for three days were harvested by centrifugation, then resuspended in fresh medium. A 1.8 ml volume of the suspension and 0.2 ml NaHCO 3 were loaded into the electrode chamber, equipped with a water jacket for temperature control at 25 W C. At the beginning of the measurement, dark respiration was registered for 10 min in the cell suspension followed by measurements of the oxygen evolution rates at 600 μmol photons m À2 s À1 . The rates of net photosynthesis or dark respiration were expressed as mol O 2 ·mg Chl À1 h À1 . Chl contents were determined using a spectrophotometric method (Becker ).
Quantitative real-time PCR analysis
On day 3 of cultivation, the algal cells were collected and centrifuged at 5,000 × g for 5 min at 4 W C immediately. The supernatant was discarded, and the centrifuge tube was immersed in liquid nitrogen to freeze the microalgae pellet. Samples were stored at À80 W C until RNA extraction.
The total RNA was extracted from cells using an RNeasy Plant Mini Kit (QIAGEN, China) and any remaining genomic DNA was digested with DNase (QIAGEN, China) according to the manufacturer's instructions. The integrity of the RNA was examined by agarose gel electrophoresis and the concentration, quantity and purity were analysed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). The RNA solutions were stored at À80 W C for further experiments.
The first-strand complementary DNA was synthesized using the FastQuant RT Kit with gDNA (QIAGEN, China). Real-time quantitative PCR was performed using SuperReal PreMix (SYBR Green) (QIAGEN, China) according to the manufacturer's instructions. The 18S gene from C. reinhardtii was used as an internal control for the normalization of qPCR data. The primers used were as follows: 
RESULTS AND DISCUSSION
Growth characteristics of C. reinhardtii at different CO 2 concentrations
As depicted in Figure 1 (a), the initial pH of the wastewater was 7.8, which declined immediately when the medium was aerated with different concentrations of CO 2 . This pH decline occurred sharply in three treatment groups (5, 10 and 15% CO 2 ). On day 2, the pH value increased rapidly from 7.5 to 8.2 under air aeration. It was assumed to be caused by the shifted balance of three forms of carbon source (CO 2 , HCO À 3 and CO
2À
3 ) in the culture medium due to the enhancement of CO 2 consumption by algae growth. The pH changed slightly in the presence of CO 2 due to the acidification effect of high CO 2 concentrations. From day 2 to the end of cultivation, the pH value remained stable at 8.2 in broth aerated with air, but approached neutral (between 6.5 and 7.4) in the groups aerated with CO 2 due to increased dissolution of CO 2 in the water as HCO As shown in Figure 1(b) , cell growth at elevated CO 2 concentrations was enhanced remarkably compared with the culture grown under aeration with air. There were small differences in cell density among the three CO 2 -treated groups in the first five days. At the end of cultivation, the cell density with 10% and 15% CO 2 aeration had a tendency to decline and level off, with the biomass concentration reaching approximately 7.2 × 10 6 cells/ml and 6.13 × 10 6 cells/ml, respectively. The cell density with 5% CO 2 aeration continued to increase rapidly and reached 8.8 × 10 6 cells/ml. Cell growth in the air-treated group had a tendency to level off from day 2 onward, and the cell density reached a final value of 1.87 × 10 6 cells/ml.
In a previous study, C. reinhardtii was cultured in wastewater discharged from industrial facilities and households, and the high levels of nutrient and excessive CO 2 inhibited algal growth due to a significant decrease in pH (Kong et al. ) . To avoid the inhibition of growth of high levels of nutrients, piggery wastewater with an initial COD concentration of 1,000 mg/L and initial ammonia concentration of 80 mg/L was used in this study. The optimal pH range of 7.0-7.8 was maintained for C. reinhardtii with 5% and 10% CO 2 aeration during cultivation, which indicated that direct CO 2 injection into the culture medium is the most convenient method of pH control in the experiment.
The growth of Nannochloropsis sp. was further significantly enhanced by aeration with 15% CO 2 in 50% municipal wastewater ( Jiang et al. ) . A study by Ji et al. showed that the growth rate, biomass yield and lipid productivity of Ourococcus multisporus, Chlorella vulgaris and Scenedesmus obliquus significantly increased with tertiary-treated domestic wastewater aerated with 15% CO 2 (Ji et al. ). Our results showed that C. reinhardtii was tolerant to 15% CO 2 and performed best in 5% CO 2 -aerated culture in primary piggery wastewater. The CO 2 tolerance of microalgae varies greatly, not only between species but also within a single species, depending on the growth conditions (Solovchenko & Khozin-Goldberg ) . C. reinhardtii tends to grow more slowly in piggery waste water with air aeration, suggesting that primary piggery waste water is not an appropriate medium for substantial cell growth. It was also observed that the growth of C. reinhardtii was inhibited severely and ceased for the first two days when CO 2 was supplied at 20%. The results showed the potential for C. reinhardtii cultivation by coupling primary piggery wastewater treatment and CO 2 supply.
Piggery wastewater nutrient removal at various CO 2 concentrations
The profile of nutrient removal efficiency for six days in batch culture is shown in Figure 2(a)-2(d) .
COD removal patterns were evidently different among the three levels of CO 2 aeration in the piggery wastewater, with an initial COD concentration of 750 mg/L (Figure 2(a) ). The removal of COD mainly occurred in the first two days and remained at a stationary level over the next four days, with 5% and 15% CO 2 aeration and ambient air aeration groups. The value of COD consistently declined up to day 4 in 10% CO 2 aeration. The removal of COD was enhanced significantly by 5% and 10% CO 2 aeration. The highest removal efficiency of COD achieved was 42.0% with 5% CO 2 aeration on day 2. The usable organic carbon was assimilated due to the mixotrophic growth of algae in the first two days. There was no further COD reduction in the last four days, suggesting that photoautotrophic growth was dominant, with exogenous CO 2 being the sole carbon source. Sforza et al. proposed that excess CO 2 suppressed the heterotrophic metabolic pathway of the organic substrate, though photosynthesis was stimulated in Nannochloropsis salina and Chlorella protothecoides (Sforza et al. ) . The removal efficiency of the organic carbon substrate declined in the group with 15% CO 2 supply in our results.
Greater than 90% ammonia removal was achieved for three samples with CO 2 -enriched aeration, but only between 70% and 90% for the group with air aeration. In our previous research, greater than 90% ammonia was removed with the culture of Chlorella pyrenoidosa in piggery wastewater with air aeration, indicating that ammonia in piggery waste water was more available for C. pyrenoidosa (Wang et al. ) . It has been reported that ammonia nitrogen (NH 3 -N) in a solution exists in two forms of ammonium ion (NH þ 4 ) and dissolved ammonia gas (NH 3 ), and NH þ 4 dominates in the fluid because the pH of the cultures is below the pKa (or dissolution) value of ammonia of 9.25. The pH values in all culture were below 9, so it is proposed that the depletion of NH 3 -N was caused by assimilation by algae, rather than ammonia volatilization.
The total nitrogen removal efficiencies with air and 5%, 10% and 15% CO 2 -enriched air aeration were 34.9%, 52.4%, 45.4% and 32.3%, respectively, on day 4 and were held at stationary levels on the last two days. Nitrogen is an important nutrient for the production of microalgae biomass and is dependent upon the amount, availability and type of nitrogen source (Costa et al. ) . The nature of the nitrogen source in primary piggery wastewater is very complex, such as NH and organic nitrogen sources, some of which are unavailable for the growth of C. reinhardtii. Our study indicated that 5% and 10% CO 2 -enriched air injection improved TN removal efficiency, which meant that the availability of total nitrogen was improved to support the late stage of C. reinhardtii growth. A complicated source of organic carbon and elevated CO 2 was provided simultaneously to C. reinhardtii cultivated with diluted primary piggery wastewater in mixotrophic mode. According to a study by Huppe et al., carbon and nitrogen metabolism shares energy from photosynthetic electron transport and CO 2 fixation (Huppe & Turpin ) . Although the organic carbon was partly supplied by heterotrophic glycolysis, the availability of nitrogen still depended on the supply of CO 2 in C. reinhardtii cultivation with piggery waste water.
In this study, the total phosphorus concentration was drastically reduced during the first four days, and the removal efficiency remained similar until the phosphorus was completely removed at the end of the experiment (Figure 2(a) ). Up to 93% of phosphorus removal was observed in the culture groups with CO 2 -enriched air aeration, as compared with 78% phosphorus removal with air aeration, at the end of culture. P in piggery effluents presented predominantly in insoluble inorganic forms (Rate ) . Although the piggery wastewater was flocculated for several hours to precipitate most visible particulate solids in this study, the total P should include dissolved P and some residual insoluble P. Algae may cause coagulation and adsorption of inorganic phosphates when the pH of the culture medium increased to 8 (Li et al. ) . Considering the increased uptake of phosphorus at low pH in the CO 2 injection system, and the decline in phosphorus removal with air aeration though the pH is above 8.0, it is reasonable to conclude that the complete removal of phosphorus in this study is mainly due to algal assimilation. The assimilation capacity of total phosphorus in C. reinhardtii was notable. Kong et al. reported 15.4% of the maximum removal of P in centrate wastewater after 10 days of C. reinhardtii culture (Kong et al. ) . The highest removal of phosphorus (28%) was achieved by Chlamydomonas mexicana when the effectiveness of six microalgae species in the coupling of piggery wastewater treatment and biodiesel production was examined (Abou-Shanab et al. ). Su et al. reported more than 96.7%, 96.1%, 96.9% and 97.9% of the removed PO 3À 4 ÀP for Phormidium sp., C. reinhardtii, C. vulgaris and Scenedesmus rubescens at the end of the test, but the removal was attributed to algal biomass assimilation and precipitation due to an increase in the pH to 9 (Su et al. ).
Photosynthetic characteristics of C. reinhardtii under different CO 2 concentrations F v /F m was monitored for CO 2 concentration conditions during the growth of algae. The F v /F m value gives an estimation of the maximum quantum efficiency of photosynthesis system II (PSII), which plays a role in controlling the changes in photosynthetic activity. The F v /F m value is variable in intact cells, depending on their history and environment (Murata et al. ) . As shown in Figure 3(a) , the F v /F m value of algae cultivated with air aeration decreased rapidly from 0.793 to 0.256 in the first four days. However, stable 0.8-0.67 values of F v /F m were obtained during cultivation in the high-CO 2 injection groups. The value of F v /F m with CO 2 aeration was consistent with the growth of algae. The decrease of the F v /F m value of C. reinhardtii with air aeration showed sufficient CO 2 needs to be transferred to the wastewater to meet the demands of the microalgae.
The rates of photosynthesis and respiration (mM O 2 ·mg Chl À1 h
À1
) over the growth period are shown in Figure 3 (b). The rates of both photosynthesis and respiration with the elevated CO 2 supply were synchronously enhanced as compared with air aeration. The rate of photosynthesis per mg Chl À1 h À1 of 5%, 10% and 15% CO 2 aeration were 4.3, 3.5 and 2.9 times that of air aeration cultures, respectively. It is clear that the enhancement of photosynthesis under CO 2 -enriched conditions is species specific, depending on the physiological characteristics of the species, such as the capacity for active HCO 3 or CO 2 uptake and different strategies for CCM (Baba & Shiraiwa ) . In many species, such as Skeletonema costatum and Emiliania huxleyi, the rates of photosynthesis reflect either no change or only a small increase (generally no more than 10%) when the algae are grown under CO 2 -enriched conditions equivalent to doubling the present atmospheric CO 2 concentration (Beardall & Raven ) . The photosynthetic rate of C. reinhardtii was significantly enhanced by exposure to CO 2 enrichment in piggery waste water, and such stimulation was maintained regardless of the detrimental effects of primary wastewater on growth. Elevated CO 2 could perturb the energy requirements of algae cells, leading to changes in respiration (Gao & Campbell ) . The respiration rates per mg Chl under 5%, 10% and 15% CO 2 aeration were 2.9, 2.5 and 2.0 times those of air aeration cultures, respectively. Mitochondrial respiration increased with increased pCO 2 to 1,000 μatm (pH 7.8) by approximately 34% in P. tricornutum (Wu et al. ) and by 35% in T. pseudonana (Yang & Gao ) .
Raven and Geider suggested that enhanced respiration implied a faster rise in the demand for ATP and carbohydrates (Raven & Geider ) .
The effect of CO 2 on algal metabolism may extend beyond simply acting as the photosynthetic substrate, mainly due to the interaction between carbon and nitrogen metabolism (Huppe & Turpin ; Xia & Gao ) . A previous study by Zou et al. also showed that the growth and assimilation of nitrate were enhanced in H. fusiformis following culture at elevated CO 2 concentrations, but the photosynthetic characteristics were not significantly altered (Zou et al. ) . Larsson et al. reported that stimulation of the growth rate was correlated with high nitrate uptake rates and increased internal N content in the unicellular Chlorophyta Scenedesmus obtusiusculus in the presence of elevated CO 2 (Larsson et al. ) . The stimulation of photosynthesis is somehow related to the concentration of N, and may reflect a demand for carbon to maintain a correct C:N ratio to ensure optimal growth of the cell (Giordano et al. ) . It was postulated that the enhanced photosynthetic rate empowered C. reinhardtii to maintain their internal N resource status in primary piggery wastewater, responding to CO 2 enrichment, so that the total nitrogen availability was amplified and tended to increase the respiratory rate in C. reinhardtii by stimulating growth. This possibility could be an important physiological mechanism for C. reinhardtii to retain the PSII activity with long-term exposure to elevated CO 2 in primary wastewater.
Changes in CCM-related gene expression in C. reinhardtii under different CO 2 concentrations
The expression of CCM-related genes in C. reinhardtii was analysed when all groups were cultivated for three days (Figure 4) . CAH1, which converts HCO À 3 to CO 2 , is very strongly induced under limiting CO 2 conditions (Moroney & Ynalvez ) . Its expression level with 5%, 10% and 15% elevated CO 2 aeration was 17.3%, 22% and 30%, respectively, of that of the control group. HLA3 may be a potential transporter in the acclimation of cells to low CO 2 and may only be indirectly involved in the control of CCM expression (Moroney & Ynalvez ) . The expression level of HLA3 was approximately 0.24 with 5% CO 2 concentration and 0.38 with 10% and 15% CO 2 concentration compared with the control. LCIA encodes bicarbonate transporters in order to make up for the limiting CO 2 , and is involved in both bicarbonate and nitrite under low CO 2 conditions (Baba & Shiraiwa ) . The LCIA mRNA abundance fell to 0.05 with 10% and 15% CO 2 concentration. Nitrogen assimilation in C. reinhardtii cultured in primary waste water was not reduced by the severe suppression of LCIA with elevated CO 2 aeration. Rubisco is a key enzyme that determines the rate of carbon assimilation in photosynthesis, and is also involved in the photo-respiratory pathway when it reacts with CO 2 or O 2 (Moroney & Ynalvez ) . The Rubisco large subunit is encoded by the single-copy RBCL gene of the chloroplast genome. The expression amount of RBCL was 0.77, 0.97 and 0.86 with 5%, 10% and 15% CO 2 , respectively, and was not significantly different from the control (P > 0.05).
CCM is suppressed by exposure to an increased CO 2 concentration for a certain period of time in cyanobacteria and eukaryotic microalgae (Giordano et al. ) . The CCM of C. reinhardtii grown for 1,000 generations under high-CO 2 conditions was irreversibly lost when cells underwent prolonged adaptation to high-CO 2 conditions (Collins & Bell ) . In this study, the expression of CAH1, LCIA and HLA3 genes in samples with elevated CO 2 aeration was down regulated compared with air aeration (P < 0.05). Bhatti et al. postulated that the cell's affinity for C i was determined by the relatively high CO 2 affinity of the Rubisco of these algae in some species lacking CCM (Bhatti & Colman ) . The transcript level of RBCL under elevated CO 2 conditions was relatively constant, indicating that the RBCL may be constitutively expressed in C. reinhardtii. These results differ from those of Fan et al. () , in which the abundance of RBCL mRNA in Chlorella at 8 h with continuous CO 2 aeration was approximately 20 times higher than under the CO 2 -limiting condition. These results show that C. reinhardtii can adapt to high CO 2 conditions by their ability to swiftly downregulate CCM-related genes and preserve the expression of RBCL. The mechanisms that facilitate CO 2 uptake and increase the photosynthetic rate of C. reinhardtii in primary piggery wastewater under elevated CO 2 levels require further investigation in order that more efficient approaches to CO 2 bioremediation may be developed.
CONCLUSIONS
The feasibility of integrated process for C. reinhardtii cultivation by combining primary piggery wastewater as a nutrient source and elevated CO 2 aeration was investigated. Our results showed the growth of C. reinhardtii was enhanced by aeration with elevated CO 2 in primary piggery wastewater. The efficiency of nutrient removal was improved with enhancement of photosynthesis and respiration of C. reinhardtii under CO 2 -enriched conditions. The mechanisms of CO 2 utilization by C. reinhardtii in waste water are still poorly understood, though the downregulation of 
